The loops in proteins are less well characterized than the secondary structural elements that they connect. We have used the four-helixbundle protein Rop as a model system in which to explore the role of loop length in protein folding and stability.
Introduction
Research in protein folding has focused primarily on well defined structural elements. Periodic ␣-helical and ␤-sheet structures are easily recognized and have been well studied. By contrast, the connecting regions between helices and sheets are not so clearly defined and have received much less attention. An exception is a subset of such connections, the ␤-turns, which have been classified on the basis of backbone dihedral angles. Such turns have been explored in depth and the positional preferences for each amino acid are well defined, both statistically and experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
This study focuses upon the many less well defined connectors that, regardless of their length and secondary structural context, are generally referred to as loops. A number of studies have classified loop regions in proteins [11] [12] [13] [14] . The backbone dihedral angles of residues in loops are variable -this is most apparent in Ramachandran plots, where they occupy a significantly larger area than either helices or sheets [15] . Although specific amino acid preferences are not defined, their composition tends to include predominantly glycine or polar amino acids, reflecting the solvent-exposed environment of most loops. 'Swap' or 'graft' experiments suggest that loops can, to some extent, be considered as independent units. For example, swapped loops can convey their intrinsic functionality upon their new environmental context: the calcium-binding activity of a loop has been transferred from thermolysin to neutral protease [16] , and a loop conveying the elastase-inhibiting activity of antitrypsin has been transferred to interleukin-1␤ [17] . When a sequence containing the calcium-binding loop of bovine ␣-lactalbumin was substituted into human lysozyme, the resulting chimera acquired the molten globule behavior of apo-␣-lactalbumin in the absence of calcium [18] . Conversely, loops have been removed or replaced with little resultant change in protein function. Upon the replacement of its native loop with a loop sequence from concanavalin A, staphylococcal nuclease retains its full enzymatic activity [19] . Similarly, and of key functional significance, immunoglobulins are tolerant of exchange of their hypervariable loops [20] [21] [22] . In these examples, loops function independently of the remainder of the protein.
Mutagenesis experiments have investigated the tolerance of loop sequences to amino acid substitutions by randomizing one or more amino acids. Typical assays for correctly folded protein have been high expression levels and/or enzymatic activity; these experiments can highlight specific loop residues that are essential for function [23] or for proper protein folding [24] . Investigations based on functional assays have shown that random sequences frequently result in a fully folded functional protein [25] , suggesting that loop sequences have some degree of tolerance. However, many of the assays used do not differentiate between two proteins with similar enzymatic activities under the conditions of the assay but with substantially different stabilities. Single point mutations in Rop's loop, for example, have resulted in considerable increases and decreases in ⌬G, with no concomitant change in function or overall structure when assayed under low stringency conditions [26] . The effect that loop mutations have on protein function is dependent upon the context in which the change is made. If a loop is altered in a highly stable protein, it is more likely that the protein will properly fold and thus retain its function than if the loop of a less stable protein were changed, or if the protein were assayed at a more stringent condition, such as higher temperature [27] . Thermodynamic characterizations are required to provide more detailed information to fully address the consequences of loop mutations.
The effect of loop length on protein stability is an important consideration that, to date, has not been investigated systematically. From an entropic standpoint, the closure of longer loops should require more energy than shorter loops and therefore result in protein destabilization. Disulfide bond formation has been analyzed in a similar fashion: a disulfide bridge introduces a loop into the protein that results in a reduction of the conformational entropy of the unfolded state and thereby raises its energy. Thus ⌬G, the difference in energy between the folded and unfolded state, is increased and disulfide bond formation may be used as a means by which to enhance protein stability [28, 29] . It has also been shown that very short loops can result in heterogeneous assortments of higher-order oligomeric species in the designed protein ␣ 2 [30] , and in single-chain variants of Rop [31] . In these examples, the designed loops were actually too short to function correctly. In the few examples where both the length and sequence of protein loops have been changed simultaneously [23, 32] , the resulting changes in function and stability were well characterized. It is difficult to deconvolute the results and to pinpoint whether the effects originate from the change in sequence or the change in length. A more controlled system is necessary in order to isolate and explore correlations between loop length and protein stability.
In this study, we use the four-helix-bundle protein Rop as a model system in which to investigate the role of loop length in protein folding and stability. We address three main questions. Can replacement of a natural loop result in folded, native-like protein? How does protein stability vary with increasing loop length? And if protein stability is dependent upon loop length, do the effects correlate with those predicted by simple polymer chain models?
Rop is a homodimer of helix-loop-helix monomers [33] whose function in vivo is to regulate the replication of ColE1 plasmids in Escherichia coli (see Fig. 1 ) [34] . In the current study, the short loop region between helix 1 and helix 2 (Asp30, Ala31) was replaced by a series of nonnatural loops composed of between one and 10 glycine residues.
There are several reasons for choosing glycine for this study. Glycine is a commonly occurring loop residue and also is a poor ␣-helix former [2, 35] . Glycine is therefore unlikely to allow the continuation of the first helix through the loop region. The lack of a sidechain maximizes backbone conformational freedom and minimizes potential interactions, both within the loop and between the loop and the helices. Such background interactions would complicate the interpretation of the effect of loop length on protein structure, stability and folding. The intrinsic physical chemical properties of polyglycine make it the least complicated linker to explore with simple polymer models. Because of glycine's molecular symmetry and small sidechain, at relatively short chain lengths of the order of 10 residues, polyglycine's behavior fairly closely approximates that of a random-walk polymer. In contrast, polyalanine and polyproline require chain lengths of >60 and >500 residues, respectively, for a random-walk approximation to begin to be appropriate [36, 37] .
Results
PCR-based cloning methods were used to construct the 10 loop length mutants (see Materials and methods; Fig. 2 ). All of the proteins were overexpressed and purified following the same procedures employed for the wild-type protein [38] . The nomenclature used for the mutants is Gly n , where n is the number of glycine residues in the loop. Ribbon diagram of wild-type Rop. Each monomer consists of 63 amino acids (residues 3-28, ␣-helix 1; residue 29, 3-10 helix; residues 30-31, a tight two-residue connecting loop; residues 32-56, ␣-helix 2; residues 57-63, unstructured C-terminal tail). The unstructured tail is not depicted in this representation. The sidechains of the loop residues Asp30 and Ala31 are displayed. In the Gly mutants, these amino acids are replaced with from one to 10 glycines.
Properties of the loop length mutants: structural characterizations
By circular dichroism (CD), each protein is highly helical; the mean residue ellipticity (MRE) of all the mutants is within 20% of the wild-type value (see Table 1 ). The general decrease in MRE with increasing loop length is expected, because the percentage of the total number of residues that are helical necessarily decreases as loop length (and the overall protein size) increases. As a further indication that wild-type-like structure has been maintained, the ratio of the ellipticity at 222 nm to that at 208 nm is the same for the wild type and for the mutants (approximately 1.05). A 222:208 ratio greater than or equal to unity may indicate superhelical twist associated with Research Paper Correlations between loop length and stability Nagi and Regan 69 Table 1 Thermodynamic parameters for the Gly loop length mutants. coiled-coils or other assemblies of helices, whereas monomeric helices generally have a ratio of less than 1 [39] [40] [41] . The CD spectral properties of the loop length mutants therefore suggest that the structure of the mutants has not been perturbed relative to that of the wild type.
Analytical ultracentrifugation experiments confirm the proteins' dimeric state. Sedimentation equilibrium data were obtained for wild type and for the representative proteins Gly 1 , Gly 3 , Gly 5 , and Gly 10 . These proteins were almost exclusively dimeric at concentrations used in the experiments in this study (see Fig. 3 ). Global fits to the equilibrium data sets yielded molecular weights within 3% of the values determined from the proteins' amino acid sequences.
In electromobility shift assays, all the glycine loop mutants bind Rop's natural RNA substrate (see Fig. 4 ). Five amino acid residues, located along the length of helix 1 and its symmetry-related partner helix 1′, are required for RNA binding [42] . Under our standard experimental conditions, the RNA binding assay is extremely sensitive and will detect even relatively minor structural perturbations; for instance, the Phe14→Tyr mutation disrupts RNA binding [42] . Because all the loop mutants bind RNA under these assay conditions, it is unlikely that substantial structural perturbation has occurred as a result of changing loop length.
In addition, all 10 loop length mutants were able to form heterodimers with the wild-type protein in a gel-based assay [42] (data not shown). Each loop length mutant is incubated with a version of Rop containing a single point mutation in the unstructured C-terminal tail, which eliminates a negative charge (Glu61→Gln). The behavior of this Glu61→Gln mutant is identical to that of wild type in all aspects except for its mobility on native polyacrylamide gels. This allows the visualization of a heterodimer of Gly n and Glu61→Gln as a band of intermediate mobility between the two homodimers and provides an additional verification of the structural integrity of the loop mutants.
1D 1 H and 2D TOCSY and NOESY NMR spectra have been acquired for Gly 1 and Gly 10 . The chemical shifts in the 1D spectra for both mutants are very similar to those observed for wild type, as are the fingerprint regions of the 2D spectra (J Yang, L Regan, unpublished data).
It is clear from these data that the folded structure of Rop can accommodate quite a dramatic change in the length of the loop that connects helix 1 and 2. This suggests that the loop does not play an active role in specifying protein struc- Representative analytical ultracentrifugation data. Sedimentation equilibrium data for Gly 1 at rotor speeds of 24 500 rpm (circles), 31 000 rpm (squares), and 37 000 rpm (triangles). Solid lines are fits to a monomer/dimer association model. Residuals to these fits are shown in the panels above. Gly 3 , Gly 5 , and Gly 10 exhibit some tetramerization at protein concentrations considerably higher than those used for the other experiments in this study, but are almost exclusively dimeric at 20 M. ture. Moreover, even the longest loops do not interfere with the assumption of Rop's proper folded structure. Considering only the above criteria, the loop mutations have little effect on Rop. More detailed studies are necessary to highlight the differences within this series of mutants.
Stability studies
The stabilities of Gly 1-10 were determined by monitoring their thermal and chemical denaturations by CD (see Fig. 5 ). All of the mutants, including those with longer loop lengths, have properties characteristic of fully folded native-like proteins with two-state unfolding behavior. Each protein displays cooperative unfolding transitions upon both forms of denaturation, with significant van't Hoff enthalpies associated with the thermal denaturation transition (approximately 80 kcal mol -1 for all of the proteins). For the wild type and selected mutants, chemical denaturation was also monitored by fluorescence, using the intrinsic Tyr49 as a reporter group. The unfolding transition observed with this technique was coincident with the denaturation curve obtained using CD, lending additional support to the two-state model (data not shown).
As the loop length increases, the stability of the mutants decreases, with the same rank order for both denaturation processes. The melting temperature decreases nearly 23°C as the loop is increased in length from one to 10 glycine residues. The mutants' relative stabilities to guanidine hydrochloride (GdnHCl) parallel their stabilities toward heat: the midpoint GdnHCl concentration of the chemical denaturation transition drops from 2.7 M for Gly 1 to 1.3 M for Gly 10 . This range reflects a difference in ⌬G of 2.5 kcal mol -1 within the loop length series, with an average difference of 0.26 kcal mol -1 per glycine residue.
The m values for Gly 2-10 , calculated from the slopes of the transition regions of the chemical denaturation curves, are similar to one another and show no systematic variation with loop length.
A notable exception is the behavior of Gly 1 . The GdnHCl denaturation curve of Gly 1 does display a difference in slope with respect to the other mutants. The reason for this is not yet clear. The 'loop' of the Gly 1 mutant is even shorter than that of the wild-type sequence. We anticipated that this extremely short loop might not allow proper folding and dimerization, resulting in unfolded or improperly associated protein. All evidence to date suggests that this does not happen. In many ways the behavior of Gly 1 does not differ from that of the wild type or the other loop length mutants. It is a dimer, binds RNA, its 1D NMR spectrum is nearly identical to that of wild-type Rop, and its thermal stability is the highest of the group; however, its GdnHCl denaturation transition is shallower than that of the other mutants, and its ⌬G value appears anomalously low in comparison. Although this loop is apparently long enough to ensure proper folding and assembly, some unusual behavior appears to be occurring. We have excluded Gly 1 from our comparison of experimental and theoretical ⌬⌬G values and are currently investigating its properties in greater detail.
We note that a loop of Gly 4 would be capable of restoring the proper heptad repeat register to the Rop helices, potentially allowing the continuation of the first helix. No differences are seen in the properties of Gly 4 to suggest that this is occurring.
Modeling studies
The denaturation studies indicate a substantial decrease in protein stability as loop length is increased. Because the structural data suggest that no major perturbations occur, Research Paper Correlations between loop length and stability Nagi and Regan 71 the predominant factor contributing to the range of stabilities is probably associated with the loop itself, rather than due to changes in more distant regions propagated through the protein structure. Assuming that all the change in free energy as loop length increases can be accounted for by the entropic cost of loop closure, simple polymer models can be used to predict the energetic cost of closure for the loops in Gly [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . We have compared the experimentally measured destabilization observed with increasing loop lengths with the theoretical cost predicted by three polymer models. In the simplest model, the random-walk approximation, there is no excluded volume term and all rotations about all bond angles are allowed, including those that cause the chain to trace back upon itself. The second model adds a restriction for excluded volume to the random-walk approximation, which makes loop closure more costly, increasing the predicted ⌬⌬G.
Both of these models describe a single loop closing, with one end of a chain meeting the other. Alternatively, a loop could form as two more central points in a longer chain pinch in to meet, leaving the ends of the chain loose. The third model approximates this scenario, accounting for the excluded volume of interfering ends in addition to that of the loop itself. It is also assumed in this model that the length of the loop is relatively short in comparison to the length of the ends.
A comparison of the experimentally determined ⌬⌬G values with those predicted by the three models is shown in Figure 6a . The experimental values for the denaturation data are underestimated by the random-walk approximation and the basic excluded volume model, but are well fit by the most complex model. Figure 6b shows a direct comparison of experimental ⌬⌬G values with those predicted by the third model. This level of agreement is remarkable when considering the assumptions and simplifications that are used in this treatment.
Discussion
The structure of Rop is able to accommodate a considerably longer and more flexible loop connection between helices 1 and 2 than occurs in the wild-type protein. All 10 of the glycine loop mutants fold into native-like stable structures which bind RNA. The interaction between helix 1 and helix 2 must be quite strong to favor hairpin formation rather than individual helices, even at long loop lengths. However, as loop length increases, the stability of the protein toward both thermal and chemical denaturation decreases. Statistical surveys of proteins of known structure show that there are fewer occurrences of long loops, unless directly involved in the function of a protein [13, 14, 43] . This may reflect a selection bias toward shorter, more stable loops in the course of protein evolution.
The well defined Rop system provides an opportunity to experimentally compare the predictions of different polymer models. Previous studies involving disulfide bond formation have applied similar treatments, examining the correlations between the length of protein chains separated by disulfide bridges and protein stability changes due to entropic costs [44, 45] . Pace et al. [46] , for example, analyzed a set of six disulfide bond additions and removals and compared quantitatively the relation between ⌬G and protein chain length. One complication of this analysis was that the survey included different proteins in different solvent conditions; some contained multiple disulfides with the potential to interact with each other. Our model system is simpler, so the correlations between loop length and stability are more readily revealed.
The data in this study are best fit by a modified randomwalk polymer model that accounts for the excluded volume of longer interfering ends. This is consistent with the assumption that Rop's loop closes with interference from the long helices that it tethers. Also implicit in our modeling is that the unfolded state of the loop region is completely unstructured; residual structure could cause deviation from the random-walk model. The choice of glycine as a loop has probably enhanced the fit of the data to the model by discouraging structure within the loop. A different amino acid such as serine might encourage intraloop structural formation, complicating the correlation between loop length and stability. Loops composed of more complex amino acids would probably require longer chain lengths for random-walk behavior to manifest itself.
The strong inverse correlation between loop length and protein stability allows us to estimate the stability of a Rop mutant with a given loop length. Extrapolation of ⌬G values derived from the GdnHCl denaturation data suggests that a loop of 25 glycines would be the limit at which loop closure is sufficiently destabilizing to prevent Rop from folding at 25°C. Experiments are in progress to confirm whether this destabilization occurs, and proteins with loop lengths between 10 and 25 residues will also be characterized to examine whether nonnative behavior develops at these intermediate lengths.
The results of this loop length study have important ramifications for protein design. Although our study focused upon a single protein, Rop, our findings should have general applicability in systems with ␣-helical, ␤-sheet, or mixed secondary structure, provided there are limited intraloop and loop-protein contacts. Loop length must be optimized, and it is vitally important to fully characterize proteins with redesigned loops beyond the level of functionality.
Materials and methods

Cloning and purification
A plasmid containing the wild-type Rop DNA sequence was used as starting material for the construction of all the loop mutants. The PCR scheme that was used for the generation of Gly 3 -Gly 10 is outlined in Figure 2 . Oligonucleotides were produced on a Perkin Elmer/ABI Model 392 DNA synthesizer, using a technique based on a method by Jerala [47] . The synthesis of the helix-encoding portion of the oligonucleotide proceeded normally, with the instrument set for manual deprotection. At the beginning of the loop-encoding region, synthesis was stopped, the column cartridge was opened, and a fraction of the resin was removed and saved. A sequence coding for the loop was then programmed, with an extra nucleotide at the end (…GGGA, for example). The A is actually not synthesized -upon resumption of the synthesis, the instrument would prompt for an A column to be installed, instead, synthesis was continued with the previous column. Resin was removed after the addition of every three nucleotides, i.e. each glycine in the loop. This allowed a set of oligonucleotides, coding for 3-10 glycines, to be synthesized from a single column. Each oligonucleotide was individually deprotected manually. For Gly 1 and Gly 2 , oligonucleotides were synthesized that contained sequence coding the end of the first helix, the loop mutation, and the beginning of the second helix.
Standard cloning procedures were followed [48] . Constructs were digested with NcoI and BamHI restriction enzymes and ligated into pMR101, a vector allowing overexpression from the T7 promoter [49] . Gene sequences were confirmed by single-stranded dideoxy DNA sequencing. All proteins were overexpressed and purified as described previously [38] , with an additional chromatographic step: Rop-containing fractions were purified on a 30 ml volume Q Sepharose column (Pharmacia) using a 200-400 mM NaCl gradient over 300 ml buffer volume at a flow rate of 1 ml min -1 . This step served to remove nucleic acid contamination, which otherwise contributes to the absorbance at 278 nm. Following the additional purification step, the A 278 : A 260 ratio generally improved from 1:2 to greater than 3:1. The extinction coefficient at 278 nm used for protein concentration determination was ⑀ = 2840 M -1 cm -1 for the monomer.
RNA binding assay
RNA binding assays were performed as detailed previously [42] , using nonradiolabeled RNA. Bands were visualized by staining with ethidium bromide. Reaction mixtures contained 20 M of RNA complex and 30 M of protein. The ratio of these amounts is comparable to those used in previous experiments with radiolabeled RNA.
Thermally and chemically induced denaturation
Protein unfolding was monitored by following the ellipticity at 222 nm on an AVIV 62DS spectropolarimeter (Aviv Instruments, Lakewood, NJ). All experiments were performed at a protein concentration of 20 M dimer, with a buffer of 100 mM sodium phosphate pH 7.0, 200 mM NaCl, and 1 mM DTT. For GdnHCl denaturation, samples were allowed to incubate for a minimum of 24 h to ensure complete equilibration.
GdnHCl denaturation data were analyzed by the method of Santoro and Bolen [50] . The raw data were fit to equation 1: where is the ellipticity at 222 nm; F 0 , m F and U 0 , m U are the intercepts and slopes of the native and unfolded baselines, respectively. The calculated baselines were subtracted from the raw data to yield the normalized denaturation curves. At [GdnHCl] = x, the fraction folded = ( x -U ) / ( F -U ). The concentration midpoint, C m , is where the fraction folded equals 0.5. The ⌬G values determined by the method of Santoro and Bolen [50] are systematically slightly lower than those obtained by manual baseline correction, for both the wild type and loop length mutants (data not shown) [38, 51] . However, the range of free energies between the different loop mutants (⌬⌬G values) are in close agreement, regardless of the method used.
Thermal denaturation data were baseline corrected manually. Baselines were obtained using the program Kaleidagraph (Synergy Software, Reading, PA) by calculating linear fits to at least eight points in the preand post-transition regions of the denaturation curve, yielding folded and unfolded ellipticities of F and U , respectively. Table 1 are obtained from GdnHCl denaturation at 25°C and thermal denaturation at 56.4°C. Thermal ⌬G values are not reported at 25°C, because the long extrapolation from the high melting temperatures may introduce error. 56.4°C is used as a reference temperature; it was selected because it is within the transition region for the majority of the proteins. The GdnHCl data were selected for comparison to the polymer model predictions because the thermodynamic parameters could be calculated accurately at the same temperature at which data were acquired.
Analytical ultracentrifugation
Sedimentation equilibrium ultracentrifugation experiments were performed using a Beckman Optima XL-A analytical ultracentrifuge. Protein samples were dialyzed extensively in 50 mM sodium phosphate pH 7.0, 150 mM NaCl, and 2 mM ␤-mercaptoethanol. Gly 1 data were collected at initial protein concentrations of 0.33, 0.67, and 1 mg ml -1 , and at rotor speeds of 20, 24.5, 31, and 37 Krpm, using six-sector cells. Data for Gly 3 , Gly 5 , and Gly 10 were collected at a minimum of two concentrations and two speeds, using two-sector cells. Scans were collected at 0.001 cm intervals at wavelengths of 280 or 278 nm and 230 nm, and averaged 10-fold. Preliminary fits used Igor Pro (WaveMetrics, Lake Oswego, OR). Global fits were calculated using the Mac-NONLIN algorithm (University. of Connecticut, Storrs, CT). Partial specific volumes of the mutant proteins were calculated on the basis of their amino acid sequence [52] .
Polymer models
The experimental values for ⌬G were compared with predictions made using a variety of simple polymer lattice models [53] , in which ⌬⌬G = c RT ln(L/L ref ), where L is the length of the loop, L ref is the reference length, and the coefficient c depends on the selected polymer model. The fundamental unit of the chain is one amino acid; no modifications are made to account for bonds within an amino acid, or to reflect amino acid composition. We selected a reference length of 10 amino acids, because the longest chain length was most likely to approximate random-walk behavior. Three polymer models of increasing complexity were investigated: the ideal random-walking chain (c = 1.5), a model accounting for excluded volume effects in the loop (c = 1.63), and one accounting for the excluded volume of both the loop and the ends connected to the loops (c = 2.4).
Experimental ⌬⌬G values are calculated from the ⌬G values from the GdnHCl denaturation, scaled to the ⌬G value of Gly 10 from equation 2:
⌬⌬G(Gly n ) = ⌬G(Gly n ) -⌬G(Gly 10 )
